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The negative impacts of pesticides, in particular insecticides, on bees and other pollinators have never been
disputed. Insecticides can directly kill these vital insects, whereas herbicides reduce the diversity of their food
resources, thus indirectly affecting their survival and reproduction, At sub-lethal level (<LD50), neurctoxic insec-
ticide molecules are known to influence the cognitive abilities of bees, impairing their performance and uitimate-
iy impacting on the viability of the colonies, In addition, widespread systemic insecticides appear to have
introduced indirect side effects on both honey bees and wild bumblebees, by deeply affecting their health.

Keywords:
Infections Immune suppression of the natural defences by neonicotinoid and phenyl-pyrazole (fipronil} insecticides
Barasites opens the way to parasite infections and viral diseases, fostering their spread among individuals and among

bee colonies at higher rates than under conditions of no exposure to such insecticides. This causal link between
diseases and/or parasites in bees and neonicotinoids and other pesticides has eluded researchers for years
because both factors are concurrent: while the former are the immediate cause of colony collapses and bee
declines, the latter are a key factor contributing to the increasing negative impact of parasitic infections observed
i bees in recent decades.
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1. introduction Diseases in bees are nothing new but their spread and adverse

effects have been exacerbated by the accidental translocation of

Ever since pesticides were first used to control pests and weeds in
agricultural production there was concern about the imipact they
could have on honey bees {Apis spp.). bumblebees {Bombus spp.) and
other pollinators. On the one hand, since bees are insects, insecticides
may harm them as much as they controt the target pests. On the
other, herbicides reduce the abundance and biodiversity of flowers in
agricudtural fandscapes {Albrecht, 2005; Hald, 1999), and this also has
a negative impact on the bees which find their food resources
impoverished under intensive agricultural practices {Goulson et al.,
2015). In recent years, however, the concern among beckeepers and
scientists has shifted to the high prevalence and impact of parasites,
viral and microbial diseases, which are blamed as the main culprits in
the current worldwide high levels of colony losses in managed honey
bees {(vanEngelsdorp et al, 2010),
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pathogens and parasites by man, exposing bees to natural antagonists
to which they have no evolved resistance {Goulson and Hughes,
2015). The ong history of beekeeping is documented with large losses
of honey bee colonies in certain periods (vanEngelsdorp and Meixner,
20:10). In this regard the genetic variability within the colony is impor-
tant for disease resistance, homeostasis, thermoregulation, defence
against parasites and overall colony fitness {Tarpy. 2003).

2. Increased prevalence of bee diseases

The question that must be asked is, why have diseases and parasites
become more prevalent in recent decades? (Underwood and
vanEngelsdorp, 2007; vanEngelsdorp and Meixner, 2018) Untl now,
the almost unique answer was to be found in the worldwide spread of
the mite Varroa destructor, which was originally a parasite of the Asian
honey bee (Apis ceranae), but jumped host to the European honey bee
{Apis melfifera) in the far East in the middle of the last century, where
both species are sympatric {Oidroyd, 1999). Only the Korean haplotype
of this mite is of concern {Rosenkranz et al,, 2010), and it has spread
quickdy due to trading practices arnong countries and continents, and
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also to the movernent of hives for crop pollination. Because this parasite
is a vector of several bee viruses, including acute bee paralysis virus
{ABPV), Israeli paralysis virus (1APY), Kashumir bee virus (KBV) and
deformed wing virus {(DWV), the rapid spread of the new parasite
throughout the world was deemed sufficient to explain the rise in
viral diseases in honey bees (Francis et al, 2013; Genersch et al, 2010;
Janke and Rosenkranz, 2009; Rosenkyanz et al, 2010).

Colony collapse disorder (CCD), which is characterised by large
winter losses, and very low or no adult bee populations due to the
disappearance of workers and/or queen failure (vanEngelsdorp et al,
20089}, has been daimed to be caused by a combination of V. destructor
and viral pathogens, since viruses alone do not cause colony failures
unless the mites are present {Bainat et al,, 2012; de Miranda et al,
2010; Hung et al, 1996; Siede et al, 2008). DWY and ABPY were
known as honey bee viruses before the arrival of Varroa mites in the
United Kingdom, but rarely caused clinical symptorms that led to colony
death {Bailey and Gibbs, 1964). Viruses causing asymptomatic
infections, unlike those inducing acute lerhal infections, are expected
to spread very easily in honey bee populations (Martin, 2001) and,
indeed, this is the case for DWV, which is nearly abways present in
honey bee populations arcund the world (de Miranda and Genersch,
2010). This unigue mite/virus association has strongly influenced the
bee viral landscape and DWVY virulence, through a synergism mediated
by host immunity, which very often underpins the collapse of honey bee
colonies (Martin et al, 2012; Nazziet al, 2012; Ryahov et al, 2014). The
widespread viral infection exposes colonies to the risk of explosive viral
profiferation, that can be triggered by any stress factor further
compromising the immune barriers of the host, in particular those
under NF-kB control, already negatively influenced by DWYVY infection
{(Nazzi et al, 2012; Nazzi and Pennacchin, 2014,

The spread of viral infections is, therefore, a key issue, and not only
for honey bees. Within a bee species, the vector mites can disperse
and invade other colonies via "drifting” and "robbing” bees that move
into non-natal colonies (Frey and Rosenkranz, 2014}, Although some
of these viruses affect bumblebees as well, it appears that the interspe-
cies pathogen transfnission originates primarily in the managed honey
bee colonies, with transmission between species occurring via shared
use of flowers {Furst et al, 2014; Graystock et al, 2015).

Vorroa and viruses, however, are not the only causes of the bee
demise. Infections by the gut microsporidian Nosema ceranae, another
pathogen that jumped host from the Asian to the European honey bee
(Fries, 20180), have also had an impact in managed honey bees, with
some authors claiming unusual high mortalities in Spanish colonies
due to this pathogen alone (Higes et al, 2009). In addition, it can also
infect wild bumblebees {Cameron et al, 2011, Furst et al, 2014).
N. cerange can significantly suppress the immune response in honey
bees (Antanez et al, 2008), alters the behaviour of workers in the
hives, shortens the lifespan of the aduit honey bees after larvae are
infected (Firi et al, 2015; Goblirsch et al., 2013) and reduces the homing
ability of foragers {Wolf et al,, 2014), which may lead to colony failure if
bees lose flexibility in their response to colony demands. In bumbiebees
this parasite causes high mortality of infected workers (Graystock et al,
2013). As with the mites, it appears that failing bee colonies contain not
only Nosema but also viruses {(Bromenshenk et al, 2010; Doublet et al,
2014, whereas the presence of either pathogen alone results in covert
effects or no pathological symptoms {albeit see Higes et al, 2009).

3. Pesticides and diseases

Since N. ceranae was first found in honey bee colonies in the United
States in 1995 (Chen et al, 2008) and Europe in 1998 (Paxton et al,,
2007), about the same time as neonicotinoids (potent agonists of the
acetylcholine receptors) were introduced in those countries, questions
were asked about the possible association between the novel insecti-
cides and the pathogen. It was found that when bees infected with
Nosema are exposed to the necnicotinoid imidacloprid, they are unable

to sterilize the colony and brooed food using glucose oxidase, thus
facilitating the spread of this pathogen within the colonies {Alaux
et ak, 2010). Furthermore, exposure of honey bees infected with
N. ceranae to sublethal doses of fipronil { phenyl-pyrazole that disrupts
GABA regulated chloride channels) or the neonicotinoid thiacloprid
resulted in higher bee mortality than in non-exposed bees, but
surprisingly this synergistic effect was not due to inhibition of the insect
detoxification system {Aufauvre et al, 2012; Vidau et al, 2011). Because
the increase in pathogen growth within individual bees reared in colo-
nies exposed to sublethal doses of imidacloprid is dose-dependent
{Pettis et al, 2012), it is clear that the insecticide can promote Nosema
infection. To explain this, Aufauvre et al. found that fipronil and
imidacioprid suppress the immunity-related genes in honey bees, thus
leading to higher mortality rates in Nosema-infected hives {Aufauvre
etal, 2014). Arecent study also indicates that Nosema infections appear
to be more than twice as likely in bees that consumed sublethal doses of
certain fungicide residues (ie. chlorothalonil and pyraclostrobin
present in pollen from field flowers and crops) than in bees that did
not {Pettis et al., 2013). Even if the pathogen is present in heaithy
colonies, honey bees can usually cope with it through their natural
immune systent; it is only when the bees are exposed to pesticide
stressors - including residues of products used for Varroa treatment
found in the combs (Pettis efal, 2013; Wu et al, 2012) - that they are
unable to contain the infection and may succumb. Moreover, a recent
study found a significant correlation between the presence of fungicide
residues in hives and honeybee colony viruses (Simon-Delso et al,,
014),

While the insecticides appear to suppress bees’ immune system, the
mechanism whereby fungicides exert their sublethal effect on Nosema
infections is not known. Previous laboratory studies suggest that
ergosterol inhibiting fungicides (EIF) such as prochloraz, triflumizole
and propiconazele may inhibit the cytochrome P450 monooxygenase
detoxification system in bees, thus increasing several hundred-fold
the acute toxicity of acetamiprid and thiacloprid (fwasa et al, 2004},
and several-fold that of tau-fluvalinate, coumaphos and fenpyroximate
{iohnson et al, 2013). The latter compounds are used 0 treat Varrog in
the hives, so their synergism with fungicide residues presents a real
dilermnima, These acaricides also have negative effects on the mobility
and foraging behaviour of bees, whether alone or in combination with
insecticides such as imidacloprid (Williamson and Wright, 2013). It
seems that coumnaphos, thymol and formic acid are able to alter some
metabolic responses that could interfere with the health of individual
honey bees or entire colonies, These include detoxification pathways,
components of the imimune systeim responsible for cellular response
and developmental genes (Boncristiani et al, 2012).

it is now clear that systemic insecticides and fungicides play a role in
the spread and virulence of Nosema infections among honey bees
{Fig. 1). But, apart from that, is there any evidence to link pesticides
with the other diseases and parasites mentioned above? Pesticide resi-
due data in beebread or honey collected from managed honey bee hives
does not correlate well with the prevalence of colony failures
{vanEngelsdorp et al, 2010). Neonicotinoid or fipronil residues are not
abways found in the hives and consequently are thought to be unrelated
to the colony losses (Bernal et al, 2017, Janke and Rosenkranz, 2009,
Mguyer et al., 2009). Only the organophosphate coumaphos and other
acaricides appear consistently (Higes et al, 2010; Johnson et al, 2010),
but they can be readily metabolised by the P450 detoxification system
of the bees, which appears to be enhanced by the flavonoid quercetin
present in honey {Mao et al, 2011); as a result, these compounds are
supposed to pose low risk of direct mortality in bees in comparison to
neonicotinoids and pyrethroids {Sénchez-Bayo and Goka, 2014), but
the presence of fungicide residues in pollen and honey may enhance
their toxicity (Johnson et al,, 2013), and consequently their risk, to mod-
erate levels of concern. By contrast, Bacandritsos et al. {Bacandritsos
et al,, 2010) and Gregorc & Bozic {Gregore and Bozic, 2004) found resi-
dues of imidacloprid in tissues (5-39 ppb) of bees from Varroa infected
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Fig. 1. Interactions between pesticides, parasites and pathogen st
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tions by other pathogens such as Nosema. This adverse effect on
inoids and fipronil, which significantly contribute to the immune-
cides inhibit the detoxification system mediated by

cytochrome P450 monooxygenases, enhancing the toxicity of most insecticides, while apparently increasing the susceptibility to Nosema infections. With the bee defences down and
the toxicity of pesticides increased, the cornbined deadly toll weakens the colony until it eventually collapses.

colonies, but could not tell what relationship might exist between the
twao stressors. Based on residue data alone, any suggestion that pest-
cides - be they neonicotinoids or others - have anything to do with col-
ony losses is often downplayed, relegated to a secondary role as
contributing factors {Genersch et al,, 2010; Staveley et al, 2014) or
dismissed altogether {Schimuck, 1898).

The difficuity in relating pesticide with colony collapses is that the
exposure of bees to the chemical residues is usually at sublethal levels
and the induced effects can be variable, depending on the presence
and intensity of different stress agents affecting this muldtifactorial syn-
drome. Moreover, honey bees, due to their complex colony structure,
are not the best model to study the effects of neonicotinoids {Rundiof
et al,, 2015). Even if lethal chronic toxicity of imidacioprid o individual
bees can be demonstrated (Rondeau et al, 2014), the implications this
has for the survival of the colony cannot be easily assessed in field trials
{wehling et al,, 2009), unless the data are analysed using fully crossed
factorial designs and mathematical models that consider the effect of
multiple stressors together, Using such models, Bryden et al. could
demonstrate how exposure of individual bumblebees (Bombus
terrestris) to imidacloprid impaired colony function to the point of
faifure (Bryden et al., 2013). It is not just worker bees that are affected;
a significant interaction between thiamethoxam or clothianidin
exposure and infection by a trypanocsome gut parasite (Crithidia
bombi) on bumblebee queen survival affected directly the colony
success { Fauser-Misshin et al, 2014). However, the pyrethroid lambda-
cyhalothrin had no significant impact on the susceptibility of
bumblebee workers to C bombi, or intensity of parasitic infection
{Baron et al., 2014), indicating that this synergism may be a particular
feature of neonicotinoids, Synergistic interactions that amplify the
effects of a single stressor are also found among pathogens of honey

bees (Doubler et al,, 2014}, but while mortality due to pathogens is
self-explanatory, the effects of field-realistic sublethal doses of
neonicotinoid insecticides are more difficult to assess on larvae and
adults.

4. Mechanism of immune suppression by neonicotinoids

Despite all the above, a mechanistic link between neonicotinoid in-
secticide exposure and the possible immune alteration of bees remained
elusive until recently, when Di Prisco et al. demonstrated that sublethal
doses of clothianidin negatively modulate NF-kB immune signalling in
insects, and that both clothianidin and imidacloprid adversely affect
the honey bee antiviral defences controlled by this transcription factor
{Di Prisco et al, 2013). By enhancing the transcription of the gene
encoding a protein that inhibits NF-kB activation, the nepnicotingid
insecticides reduce imymune defences and promote the replication of
WV in honey bees bearing covert viral infections (Fig. 1), By contrast,
the organcphosphate chlorpyrifos did not affect that signalling. This
finding is crucial, as it uncovers a novel role of neonicotinoids in the
regulation of the immune response in bees and probably other insects,
Therefore, neonicotinoids can modulate the virulence of bee pathogens,
and may more generally modulate interactions between insects and
their natural antagonists, as indicated by the increased virulence of
entomopathogenic fungi against Aedes aegypti induced by exposure to
imidacioprid (Pauda et al, 2011},

These synergistic interactions seem o be relevant under field
conditions, where a significant positive correlation has been found be-
tween neonicotinoid treatment and Varroa infestation, as well as viral
pathogens, suggesting that proximity of colonies to treated areas leads
to subtle increases of these pathogens (Dively et al, 20015). This trend is
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further corroborated by a separate field study (Alburaki et al, 2015). Con-
versely, a thorough field work, showing severe effects of neonicotinoids
on wild bees, was unable to detect significant effects on honey bees in a
single season (Rundief et al., 2015). However, a careful inspection of the
data on parasite/pathogen occurrence in the experimental populations
reveals a low starting presence of Varroa infestation and viral loads
{Goss, 2014). Collectively, these field studies can be interpreted in the
framework of the immune model recently proposed (Nazzt and
Pennacchio, 2014), where the “Achilles heel” of the honey bee colony is
the escalating immune-suppression determined by increasing levels of
mite-virus populations, that can be aggravated by different stress factors,
among which neonicotinoid can play an important role. In this context,
one would predict that the health status of the colony can significantly
affect the adverse impact of any stress factor, including neonicotinoids
(MNazzi and Pennacchio, 2014).

The contribution of neonicotinoids under realistic field conditions is
therefore difficult to measure and is unlikely to generate unequivocal
results, being part of a changing cornbination, over space and time, of
stress agents underlying a multifactorial syndrome. However, a large-
scale correlation study, over an 11-year period, has revealed a signifi-
cant correlation between honey bee colony losses and national scale
imidacioprid usage patterns across England and Wales {Budge et al,
20135), This study dearly supports the important role of neonicotinoids
in contributing to the health decay of honey bees and to the eventual
collapse of their colonies. Records of honey bee colony losses in the
short period of the EU ban of neonicotinoids seem to further corroborate
this hypothesis {(Laurent et al,, 2015), but more accurate data over a
much longer time interval are necessary to confirm this trend.

Taken together, the findings reported here partly account for the
rising prevalence of viral and other pathogenic diseases in bees in recent
times, which paralie! the worldwide growth in neonicotinoid contami-
nation. Indeed, neonicotineid residues are found not only in the pollen
and nectar of treated crops (Dively and Kamel, 2012, Stoner and
Eitzer, 2013), but also in the adjacent vegetation {Krupke et al,, 2012),
in puddles and other surface waters that are consumed by the bees
{Samson-Robert et al, 2014), and in over 50% of rivers in agricultural
areas of the US (Hladik et al, 2014) and many other countries
{Morrissey et al, 2015).

Since the immune suppression caused by neonicotinoids likely acts
upon a conserved cross-regulatory mechanism of the nervous system
on irmununity {Di Prisco et al, 2013; Tracey, 2009; Tracey, 2011), one
could expect a general undermining of the body defences in other
organisms upon exposure to sublethal doses of these insecticides. In
fact, immune deficiency by exposure to imidacioprid has been observed
in chickens {Kammon et al,, 2012), partridges (Lopez-Antia et al, 2015)
and mussels (Donders et al, 2010), and was suggested as the
explanation for massive Trichoding ectoparasite infections in medaka
fish in rice fields treated with this insecticide (3dnchez-Bayo and
Goka, 2005). These correlations require to be corroborated by further
mechanistically-oriented studies,

5. Conclusion

We can now sumimarize our current knowledge regarding colony
collapses in honey bees caused by parasites, pathogens and pesticide
stressors as shown in Fig. 1, Synergistic interactions among the parasitic
niite Vmroa and viral pathogens severely reduce host immune
competence and favour the health decline of bees, The negative impact
on immune barriers can be further exacerbated by concurrent stress
agents that interfere with NF-kB signailing {e.z. neonicotinoids}, or
activate competfing stress responses {e.g. poor nuirifion, extreme
thermat conditions), thus favouring pathogens and parasites. The
combined effect of two or more of these stressors can induce mortality
of the individual bees, including the queen, and may eventually end
with the collapse of the colony. Therefore, neonicotinoids and
interacting pesticides (e.g. EIfs) are important stress factors

underpinning colony health decline and eventual collapse, significantly
contributing to the spread and abundance of pathogens and parasites,
which are the proximate mortality factors. Broadly similar patterns of
synergy between parasites and pesticide exposure are evident in
bumblebees and are likely to be found in many wild insects and other
wildlife raxa.
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